ABSTRACT
Introduction
he term photocatalyst, a combination of two words, "photo" and "catalyst," refers to a material or process that causes a catalytic reaction−an oxidation-reduction reaction−using light as an energy source. Photocatalysts have been drawing significant attention from various fields, such as air quality treatment and water treatment, due to their ability to decompose organic matter, odorous substances, bacteria, and viruses into water and carbon dioxide solely using light energy. Also, photocatalysts exhibit excellent bactericidal and antibacterial properties. A photocatalytic reaction is a process in which holes and electrons, formed by light irradiation in the valence and conduction bands, react with water, oxygen, OH − , and H + on the surface of a photocatalytic material, generating OH radicals, which have strong oxidizing power. These OH radicals help decompose organic matter. TiO are major photocatalytic materials, but many studies have been focusing on TiO 2 , in particular, because it has optical activity but does not experience photocorrosion, thus exhibiting excellent durability, wear resistance, and oxidizing power. TiO 2 , however, has a wide band gap of around 3.2 eV, and hence its photocatalytic characteristics are exhibited only in the ultraviolet spectral range (< 400 nm). As a result, when light with a wavelength ranging from 400 to 800 nm, i.e., the visible light spectrum range, is radiated, the delivered energy is not large enough to overcome the wide band gap of TiO 2 , leading to the inability of the material to function as a photocatalyst. Accordingly, TiO 2 cannot absorb light in the visible spectral range, which accounts for 44% of sunlight, and reacts only with light in the ultraviolet range−only 5% of sunlight. This clearly shows the limitation of TiO 2 as a photocatalyst for sunlight-induced reactions. In attempts to overcome this limitation, many studies have been conducted on the development of a photocatalyst with a heterojunction structure capable of absorbing visible-light wavelengths and thus being activated. A heterojunction structure is designed by joining a material with a large band gap to a relatively small band-gap material to improve the absorptivity of visible-wavelength light. The structure also reduces hole-electron recombination and enhances the photocatalytic efficiency by promoting the migration and separation of electrons and holes generated by photoexcitation. Yeo , enhancing the photocatalytic efficiency and activity in the visible spectral range.
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CuS remains one of the most actively studied photocatalytic materials in the field due to its low price, non-toxicity, and narrow bandgap (up to 2.2 eV).
The narrow bandgap of CuS allows the material to function as a photocatalyst in the visible spectral range. The present study aims to develop a photocatalyst capable of being activated in the visible spectral range by combining CuS and TiO
2
, and thus forming a heterojunction structure. Also, the study intends to improve the photocatalytic activity by increasing the specific area for reaction via the addition of supported nanoparticles. To clarify the reasons for the photocatalytic property improvement, UV-vis analysis, XPS, and photocatalytic activity characterization were performed. This study is expected to provide a basis for future research on the effects of the band structure of heterogeneous semiconductor composites on photocatalytic properties. H, 99.7%, Sigma-Aldrich), a dispersing agent, was added to the solution. The prepared solution was transferred to a 20-ml syringe equipped with a 23-gauge stainless steel needle tip, and the solution in the syringe was set to flow at a rate of 0.05 ml/h by using a syringe pump. The distance between the needle tip and an Al collecting plate was set at about 10 cm, and a voltage of 9 to 11 kV was applied using a power supply. As-spun TiO Field-emission scanning electron microscopy (FESEM, Nova Nano SEM 450) was employed to analyze the shape and morphology of the prepared nanofibers. Transmission electron microscopy (TEM, JEM-2100F), along with an energy dispersive spectrometer (EDS) in mapping and linescan mode, was used for crystal structure and compositional analysis. X-ray diffraction (XRD, Rigaku) was employed to study the composition and crystal structure of each phase: the scan was conducted in a range from 10 to 80 degrees at a rate of 2°/min. The UV/VIS spectrophotometer (JASCO V-730) was used to analyze the absorbance and bandgap, and X-ray photoelectron spectroscopy (XPS, Thermo Electron ESCALAB250 with Al Kα X-ray source) was applied to analyze the chemical bonding states. Based on the combined results of absorbance-based optical measurement of bandgaps and XPS measurement of the energy level of the valence band, the measured energy levels were schematized. Photocatalytic properties of samples were evaluated by the decomposition of methylene blue (MB) dye. Each sample was soaked at a concentration of 0.5 g/L in an MB aqueous solution with a concentration of 5 × 10
Experimental Procedure
M. Subsequently, visible light exposure proceeded using a Xenon lamp (300 W) system equipped with a longpass filter (cut-on wavelength: 400 nm). Prior to the light exposure, the mixture of photocatalyst and dye solution was subject to 20 min of agitation in the dark to reach adsorption-desorption equilibrium. Subsequently, the solution was subject to 180 min of visible light exposure. During the light exposure, the solution was sampled at a constant time interval, and was analyzed to measure the absorbance of the remaining MB dye in the solution after the photodegradation process. The photodegradation rate was determined by calculating the ratio of the decrease in the absorbance rate after photodegradation to the initial absorbance rate of the MB dye measured at a wavelength of 653 nm. , the nanofibers could not remain intact in shape, i.e., broken-shaped nanofibers observed, as shown in Fig. 2(a) . This phenomenon may be due to the following reasons. First, during the calcination process following the electrospinning of the TiO 2 nanofibers, PVP polymers in the nanofibers were eliminated, leading to a decrease in relative density of the nanofibers, and thus possibly causing contraction and internal stress. Accordingly, the TiO 2 nanofibers become unstable and vulnerable to breakage. Second, these unstable TiO 2 nanofibers were subsequently subject to ultrasonic treatment and other chemical processes for the synthesis of CuS, which probably caused physical and chemical damage. In attempts to supplement the mechanical strength degradation of the TiO 2 nanofibers after the calcination process, and relieve the stress applied to the nanofibers during the synthesis process of CuS, Cu nano-seeds were introduced into the nanofibers. As a result, TiO 2 /CuS nanocomposite fibers were fabricated, and it was observed that these fibers remained intact in shape, as shown in Fig. 2(b) . SEM and TEM analyses were performed to analyze the characteristics of the Cuseeds introduced into the TiO 2 nanofibers and also to investigate in depth the effect of the Cu-seeds on composite for- mation. Figure 3 shows when CuS nanoparticles are formed on the surface of TiO 2 by using the seed nanofibers by using the sonochemical method, were sphere-shaped nanoparticles with a size of 34 to 67 nm. The shape and size of these CuS nanoparticles, as shown in Fig.  4(a) , were similar to those of the solely synthesized CuS nanoparticles, as shown in Fig. 1(c) . HRTEM analysis was performed to more closely observe the sphere-shaped nanoparticles formed on the surface of the nanofibers. The results are shown in Fig. 4(b) and the corresponding FFT diffraction pattern is shown in Fig. 4(c) . As a result of the FFT diffraction pattern analysis, it was found that the observed planes corresponded to the (101) and (006) planes of hexagonal-shaped CuS (JCPDS card No. 06-0464). This confirms that CuS nanoparticles were successfully synthesized on the surface of TiO 2 /CuO 2 -seed nanofibers. EDS mapping and line scan analysis were conducted to investigate the phase formation and element distribution of the synthesized nanofiber composites. As shown in Fig. 5(a) and (b), the EDS mapping analysis was conducted on a nanofiber and a sphere-shaped nanoparticle formed on the nanofiber surface for elements including Ti, O, Cu, and S. The results show that the distribution of Ti and O corresponds with that of the nanofiber. The distribution of S, which composes CuS, tends to correspond with the that of the nanoparticle region formed on the nanofiber surface, but Cu is distributed not only across the nanoparticle, along with S, but also, to some extent, across the nanofiber region on which the nanoparticle sits. However, considering that Cu is less densely distributed across the nanofiber region compared to Ti or O, the corresponding Cu counts are thought to come from Cu-seeds, which were added for the formation of TiO 2 nanofibers. This implies that elemental Cu was uniformly distributed to form Cu-seeds when TiO 2 nanofibers were formed. Also, elemental Cu successfully formed CuS nanoparticles on the surface of the nanofibers. These findings are confirmed by the results of the EDS line-scan analysis, as shown in Fig. 5(c) . It is observed that elemental Ti and O are found in the nanofiber region without being diffused into the nanoparticle region, while S is found in the nanoparticle region without being diffused into the nanofiber region. As mentioned above, elemental Cu was present not only in the CuS nanoparticle region but also in the nanofibers, along with Ti and O; this indicates the uniform formation of Cu-seeds across these nanofibers. Therefore, it can be concluded that TiO 2 /CuS nanocomposite fibers were successfully fabricated without any interfacial diffusion or chemical composition change during the formation of the TiO 2 /Cu-seed nanofibers, produced by electrospinning, together with CuS nanoparticles produced by the sonochemical method. The sonochemical method-based composition process of CuS nanoparticles was reported to follow the mechanism below. 9 )
Results and Discussion
The formation of CuS can be summarized using the above equations: Eq. (1) thus contributing to enhanced photodegradation properties, because photodegradation is a type of surface reaction.
With regard to semiconductor materials, the absorption wavelengths of the material are closely linked to its bandgap. Therefore, the absorbance of TiO 2 nanofibers and CuS nanoparticles was analyzed to identify the range of wavelengths at which absorption takes place, as shown in Fig.  6(a) . XPS analysis was conducted by normalizing the measured valence band spectra and, as a result, the energy level of the valence band was determined with the Fermi level used as a reference, as shown in Fig. 6(b) . Each bandgap of each sample was calculated by substituting into the equation E = hc/λ the wavelength measured from the extrapolation of the ultraviolet-visible spectrum of the sample. The valence band maximum (VBM) was determined by using the background line to extrapolate the edge of the spectrum.
Results are shown in Table 1 .
Based on the absorbance measurements in Fig. 6 and the chemical-bonding data in Table 1, the energy level-diagram  for the TiO   2 /CuS nanocomposite fibers was achieved, as shown in Fig. 7 . Also, the migration of the electrons and holes generated when CuS nanoparticles are excited by visible light is schematized in the same figure. Likewise, in a heterojunction where two different semiconductors are joined, the corresponding energy band alignment is determined by the relative position of the energy levels of the two semiconductors. In general, heterojunctions are divided into three types. Absorbance and chemical-bonding analysis (Fig. 5) Fig. 8 .
For more efficient assessment of photocatalytic activity in the visible light spectrum range, the Xenon lamp system equipped with longpass filter (λ > 400 nm) was used. It was found that the absorbance of the target solution gradually decreased with the visible light irradiation time because MB dye in the solution is gradually decomposed by the photocatalytic effect. Based on the absorbance, the photodegradation rate, which reflects the photocatalytic effect of the sample, can be determined by using the equation below. The results are plotted as shown in Fig. 8(d) .
Here, D refers to the photodegradation rate, C 0 is the initial concentration of MB dye, and C i is the MB dye concentration after i h of treatment. TiO 2 generally exhibits excellent photodegradation activity, and thus is widely used as a typical photocatalyst material; however, its large bandgap makes it unable to absorb light in the visible spectral range. For that reason, despite 180 min of visible light exposure, the photodegradation efficiency of the TiO
